to DNA methylation analysis. Results: Prior allergen sensitization was associated with increased methylation of Alu ( ␤ = 0.32 for sensitized vs. nonsensitized patients; p = 0.003) in models adjusted for pack-years of smoking, body mass index, current smoking, air pollutants, percentage of eosinophils, white blood cell count and age. Of the men interviewed, 5% of subjects reported a diagnosis of asthma. Neither Alu nor LINE-1 methylation was associated with asthma. Conclusions: These data suggest that increased DNA methylation of repetitive elements may be associated with allergen sensitization but does not appear to be associated with asthma. Future work is needed to identify potential underlying mechanisms for these relationships.
tion, which occurs through the addition of methyl groups to cytosines located within CpG dinucleotides, is a reversible modification that can alter chromosome stability and suppress gene transcription. Epigenetic pathways, mediated by environmental exposures, may change gene expression profiles, ultimately resulting in a particular phenotype [1] . A number of environmental exposures, including air pollution and dietary factors, have been shown to influence the epigenome [2] .
Epigenetic changes are important in immune system development and may also have relevance for asthma and allergic disease etiology. The differentiation of T cells, a process necessary for normal immune function, is guided by changes in DNA/histone methylation and/or histone acetylation [3] . During differentiation of naïve T cells into type 1 T helper (Th1) cells, the promoter region in the interferon (IFN)-␥ gene is progressively demethylated (thereby increasing the expression of this Th1 cytokine that enhances the Th1 response) [4] [5] [7] [8] . Epigenetic mechanisms are also known to influence type 2 T helper (Th2) differentiation and may impact the expression of forkhead box P3 and T regulatory cell function [9] [10] [11] . While the opportunity for epigenetic-driven changes in gene expression provides plasticity in immune function, it also makes the system susceptible to aberrant modifications that could ultimately give rise to an allergic disease phenotype. In fact, studies on epigenetic regulation of T cells have led to the hypothesis that environmental exposures influencing DNA methylation may increase allergic disease risk by suppressing pathways (Th1 and T regulatory cell differentiation) that inhibit differentiation of allergy-promoting Th2 cells [12, 13] . Consistent with this hypothesis, some [6, 14] but not all [15] human and animal studies show an association between dietary supplementation with folate (a methyl donor) during pregnancy and increased risk of asthma in offspring.
While DNA methylation has been investigated in relation to a variety of diseases, little is known about its relationship to asthma and allergic disease. A large portion of DNA methylation sites are located within retrotransposons, repetitive sequences which are generally not expressed. Demethylation of these sequences could potentially interfere with proper expression of other genes [16] . Long interspersed nuclear elements (LINEs) and short interspersed nuclear elements are retrotransposon-derived repetitive elements present in mammalian genomes. Retrotransposons utilize an RNA intermediary to create cDNA copies of themselves for reinsertion into the genome [17] . LINE-1 elements, which are 6,000 base pairs in their full form, comprise at least 17% of the human genome. More than one million copies of Alu sequences, a type of short interspersed nuclear element, are also interspersed throughout the genome [17] . In addition to serving as markers of DNA methylation in a large portion (approx. 30%) of the genome, LINE-1 and Alu repetitive elements may also directly influence asthma and allergic disease pathogenesis. Unmethylated CpG sequences in Alu repeats may mimic bacterial DNA CpG motifs [18] , with the potential to stimulate the innate immune system and possibly mediate an allergic disease response. Transcriptionally active LINE-1 elements are potential activators of IFN-␥ and other proinflammatory mediators through toll-like receptor pathways [19] , with possible implications for allergies and asthma.
In this study, we determined whether methylation of Alu and LINE-1 (two common categories of retrotransposon-derived elements) was associated with allergen sensitization, airway hyperresponsiveness or asthma. To our knowledge, this is the first epidemiological study to examine DNA methylation of Alu and LINE-1 and allergic disease.
Materials and Methods

Normative Aging Study
This study included 704 elderly men who, as of March 1999, were active participants in the Normative Aging Study. The Normative Aging Study cohort was established by the Veterans' Administration in 1961, which enrolled men 21-80 years of age from the greater Boston area (Mass., USA) who were free of known chronic medical conditions [20] . Since the time of enrollment, participants have had comprehensive clinical examinations at 3-to 5-year intervals. In examinations that took place between March 1999 and November 2007, participants agreed to donate at least one blood sample for DNA. A physician elicited a complete medical history and smoking history using the American Thoracic Society questionnaire [21] . The questionnaire (ATS-DLD-78) [21] was administered to each participant to obtain information on smoking habits, respiratory symptoms and illness, an average of 8 years prior to blood collection for DNA methylation (range 5-17.5 years). Of the 704 men with blood samples for DNA methylation data, 669 had questionnaire data for asthma. Men who reported a doctor's diagnosis of asthma were classified as asthmatic. All participants gave written informed consent. This study was reviewed and approved by the institutional review boards of all participating institutions.
DNA Methylation of Repetitive Elements
DNA was extracted from stored frozen buffy coat of 7 ml of whole blood, using QiAmp DNA blood kits (Qiagen). DNA methylation was quantitated using bisulfite PCR and pyrosequencing, as described previously [22, 23] . PCR primers were designed towards consensus LINE-1 and Alu sequences and allowed for the amplification of a representative pool of repetitive elements to Allergen Sensitization and DNA Methylation Int Arch Allergy Immunol 2013;161:37-43 39 serve as a surrogate for diffuse genomic DNA methylation changes. The degree of methylation was expressed as the percentage of methylated cytosines of the sum of methylated and unmethylated cytosines. This method quantitatively assessed the proportion of methylated sites in LINE-1 and Alu repetitive elements dispersed throughout the genome. Non-CpG cytosine residues were used as built-in controls to verify bisulfite conversion. For both Alu and LINE-1, we measured the percentage of methylated cytosines at each of three CpG dinucleotide positions that are repeated over the human genome with the sequence of interest. Each marker was tested in triplicate, and their average was used in the statistical analysis.
Skin Testing and IgE
Skin prick testing was conducted an average of 8 years prior to blood sample collection. Skin testing was performed as previously described [24] by the prick method of Pepys [25] . Subjects were tested in a double-blind fashion with 4 common aeroallergen preparations preserved in glycerin (ragweed, 1: 20; mixed trees, 1: 20; mixed grasses, 1: 20; house dust, 1: 10) along with a glycerin control. Wheal reactions were measured at 20 min as the sum of the largest wheal diameter plus the perpendicular diameter divided by 2. A positive skin test was defined as subjects having a wheal diameter of 6 5 mm in response to any of the above allergens, after subtraction of the glycerin control. Of the 704 men with DNA methylation data, 591 (84%) had prior assessment for allergen sensitization. Serum total IgE was determined by a paper radioimmunosorbent test (Pharmacia Diagnostics, Piscataway, N.J., USA) an average of 8 years prior to blood sample collection for DNA methylation (range 6-17.5 years). The mean of 2 determinations on each serum specimen was used for analysis.
Methacholine Challenge Protocol
Methacholine challenge testing was performed on the same day as skin prick testing. Sixty percent of men with DNA methylation assessment (423/704) also had methacholine challenge testing [24] . Protocols for methacholine challenge testing were performed as previously reported [26] . A positive methacholine challenge test (airway hyperresponsiveness) was defined as a 6 20% decline in forced expiratory volume in 1 s (FEV 1 ) from the postsaline value at or before one inhalation of 25 mg/ml methacholine. Men with a 6 20% decline in FEV 1 from the postsaline value at or before four inhalations of 5 mg/ml methacholine (equivalent to a cumulative dose of 8.58 mol of methacholine) were classified as responders.
Statistical Analysis
We used multiple linear regression models to determine the association between prior allergen sensitization and markers of DNA methylation of Alu and LINE-1. Distributions of Alu and LINE-1 were approximately normal, so these outcome variables were untransformed in the analyses. For models of allergen sensitization and DNA methylation, we used atopy (sensitization to any allergen) and specific allergen sensitization as predictors. Both univariate and multiple regression models for specific allergen sensitization were constructed. We also considered asthma and methacholine responsiveness as predictors of DNA methylation. Models were adjusted for body mass index, age at blood sampling for DNA methylation analysis, pack-years of smoking, current smoking, air pollutants (7-day moving averages of particles less than 2.5 m in diameter and black carbon), percentage of eosinophils in the peripheral blood cell count and total white blood cell count. Air pollutant exposures at the time of blood sample collection were assessed using a stationary monitoring site 1 km from the examination site. We also examined dietary folate (estimated from a food frequency questionnaire) as a predictor of DNA methylation and as a potential confounder in multiple regression models.
Results
The characteristics of the study population are shown in table 1 . The study subjects were older male individuals between the ages of 55.3 and 100.9 years (mean age 72.7, SD 6.7). Mean blood DNA methylation levels, expressed as the percentage of methylated cytosines, were 26.4 (SD 1.1, range 22.8-32.4) for Alu and 76.8 (SD 1.8, range 70.1-84.6) for LINE-1 methylation.
Prior Allergen Sensitization and DNA Methylation of Repetitive Elements
Twenty percent of the men tested for allergen sensitization were sensitized to at least one allergen ( table 2 ). In men sensitized to at least one allergen, mean DNA methylation levels were 26.6 (SD 1.2, range 23.6-30.7) for Alu and 76.9 (SD 1.8, range 71.1-81.0) for LINE-1; for unsensitized men, mean levels were 26.2 (SD 0.96, range 22.8-30.1) for Alu and 76.8 (SD 1.8, range 70.1-84.6) for LINE-1 methylation. In multiple regression models, prior sensitization to at least one allergen was associated with a 0.32 increase in the methylation of Alu (p = 0.003) but showed no association (p = 0.63) with LINE-1 methylation Of the men who tested positive for allergen sensitization, 6% were sensitized to tree allergens, 12% to grass, 9% to ragweed and 2.5% to house dust extract. In univariate models, specific allergies to tree (p = 0.007) and grass (p = 0.07) were associated with increased methylation of Alu but not LINE-1 ( table 4 ) . However, in multiple regression models including a panel of specific allergies, only sensitization to tree allergens was significantly associated with increased methylation of Alu. Specific allergen sensitization was not associated with LINE-1 methylation in multiple regression models (p = 0.63). The percentage of methacholine responders was also similar in sensitized versus nonsensitized subjects (22 vs. 25%; p = 0.5).
Methacholine Responsiveness and DNA Methylation of Repetitive Elements
One quarter of the men tested for bronchial hyperresponsiveness showed a 6 20% drop in FEV 1 ( table 2 ) . Methacholine responsiveness was not associated with methylation of Alu or LINE-1 ( table 5 ) . Similarly, methacholine responsiveness expressed as a continuous variable (log10 slope of response) showed no significant relationship with DNA methylation (data not shown).
Asthma and DNA Methylation of Repetitive Elements
Five percent of men with DNA methylation data (n = 35) reported a doctor's diagnosis of asthma. Thirty-nine percent of self-reported asthmatics (12 out of 31 with skin prick testing) tested positive for allergen sensitization. Asthma was not associated with Alu and LINE-1 methylation levels in adjusted models ( table 5 ).
Discussion
Our study shows that prior allergen sensitization is associated with increased DNA methylation of the repetitive element Alu in a cohort of elderly men. No associations with allergic disease were observed for LINE-1. Hypermethylation of DNA from sensitized individuals suggests a potential underlying epigenetic mechanism for altered immune response in allergic disease. Although a Atopy was defined as any positive skin prick test with a wheal diameter of 65 mm. Methacholine response was defined as a 20% decline in FEV 1 .
1 Geometric mean 8 SD. SPT+ = Positive skin prick test; WBC = white blood cell. Both models were adjusted for body mass index, age, pack-years of smoking, current smoking, total white blood cell count and air pollutants (7-day moving average of particles less than 2.5 m in diameter and black carbon levels). Multiple regression models were adjusted for age, body mass index, pack-years of smoking, current smoking, percent eosinophils, total white blood cell count and air pollutants (7-day moving average of particles less than 2.5 m in diameter and black carbon levels). SPT+ = Positive skin prick test. Bot h models were adjusted for body mass index, age, pack-years of smoking, current smoking, percent eosinophils, total white blood cell count and air pollutants (7-day moving average of particles less than 2.5 m in diameter and black carbon levels).
considerable amount of epigenetic programming occurs during fetal development [27] , the association between increased Alu methylation and allergen sensitization in this older population suggests that epigenetic changes in later life may also be relevant for allergy. Epigenetic modifications in adulthood may occur as a result of the aging process or due to environmental exposures. In this cohort, aging [28, 29] , lead exposure [30] , and air pollution [31] have all been associated with a decrease in methylation of repetitive elements in DNA. In contrast, dietary consumption of methyl donors may increase DNA methylation levels, potentially leading to an increased risk of allergic disease. Human and animal studies of prenatal exposures have shown a link between consumption of high levels of folate during pregnancy and increased risk of allergies and asthma in offspring [6, 14] . Folate consumption was not associated with DNA methylation in this cohort. However, data on folate supplementation and DNA methylation in humans are mixed [32] [33] [34] , and the relationship between methyl donor consumption, allergies and asthma in adults requires further study.
While prior allergen sensitization was associated with increased Alu methylation in this cohort, we did not find similar effects for total IgE levels or methacholine responsiveness. Total IgE as a marker of allergen sensitization is much less specific than skin prick testing, which could explain why we did not observe an effect for this predictor. Methacholine response showed a minimal overlap with sensitization, with only 20% of responders demonstrating sensitization to at least one allergen. This limited overlap may explain why a concomitant association was not detected for methacholine responsiveness and Alu methylation. An alternative explanation may relate to statistical power. Our sample size was larger for subjects with skin prick test data (n = 591), as compared to the number of subjects with IgE measurement (n = 469) or methacholine responsiveness (n = 423).
Since epigenetic patterns may be influenced by cell populations, we adjusted for the percentage of eosinophils, which was elevated in subjects with allergen sensitization. The relationship between prior allergen sensitization and DNA methylation remained unchanged after adjustment for the percentage of eosinophils. While sensitization to any allergen was significantly associated with increased methylation of Alu, multiple regression models examining individual specific allergies showed tree sensitization as the strongest predictor.
Methylation of repetitive DNA sequences like Alu and LINE-1 may serve as a broad indicator of global DNA methylation (with potential implications for groups of specific genes involved in allergy, like those in T cell differentiation and adaptive immunity), or the repetitive elements themselves may alter immune function in a way that influences allergy. While the majority of Alu copies are hypermethylated and therefore inactive, hypomethylation (as a result of vitamin B deficiency, treatment with medications such as 5-azacytidine, procainamide and hydralazine, or toxin exposure) results in transcription of Alu elements [18] . Transcripts of this transposon-derived DNA are perceived as 'foreign' to the immune system and may have immune-stimulatory capabilities. Additionally, the unmethylated CpG-rich Alu DNA fragments could potentially mimic the effects of bacterial CpG-rich motifs, which are known to prime the Th1 response, suppress IgE production and initiate the release of the cytokines interleukin-12 and IFN-␥ [35] .
While this study showed a clear association between allergen sensitization and increased DNA methylation, there were some study limitations. The allergen sensitization data in the cohort were collected several years prior to DNA methylation data; therefore, we were not able to assess the association between current allergen sensitization and DNA methylation. While sensitization to tree allergens seemed to drive the relationship between current allergen sensitization and methylation, the number of subjects within this subgroup was relatively small. Also, our analysis was limited to older, predominantly white men. Lastly, although methylation of repetitive elements may represent epigenetic modifications in a large portion of the genome, the significance of these epigenetic markers can be difficult to interpret.
In summary, this study suggests that increased methylation of repetitive elements may be associated with allergen sensitization, but not asthma, in this cohort. Future work is needed to identify potential underlying mechanisms for these relationships.
